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ABSTRACT

Two types of sulfur equilibration experiments were carried
out in this study using either a conventional thermal gravimetric
analysis (TGA) technique or a horizontal tube furnace apparatus.
Samples were equilibrated with flowing SO2-O2 gas mixtures of
either 58% SO2 or 10% S02 .
The types of experiments were:
1.

Investigation of the extent of solid solution of sulfur

in ZnO, NiO, CuO, and Fe203 over a wide range of temperature.
2.

Studies of compound or solid solution formation between

binary sulfate mixtures of Fe-Zn, Cu-Zn, Ni-Zn, Fe-Cr, and Cd-Zn
by TGA.
The extent of solid solution of sulfur as sulfate ion for
each system was expressed in terms of the sulfur solubility fac,Wt. % S,
tor (— ---- ).

pso3
The log of the sulfur solubility factor is equal to the
following expressions:
10550
■ - 8.595 (1220 K - 1373 K) for ZnO 9
T
4804
- 4.269
T

(1170 K - 1320 K) for NiO,

5641
- 5.325
T

(1124 K - 1310 K) for CuO,

5461
- 5.290
T

(1120 K - 1320 K) for Fe20 3 •

There was no appreciable solid solution and/or compound
formation indicated from any of the mixtures of two different
sulfates investigated, except for ZnSOtt-CdSO^, which exhibited
compound formation.
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I.

INTRODUCTION

The thermal stability of sulfates and sulfur solubility in
metal oxides have important applications in the roasting and sep
aration of ferrous and nonferrous metals in mineral concentrates.
The subject areas are helpful in understanding selective sulfation
and sulfur removal by dead roasting.

Other applications may be

seen in the production of low sulfur lime and the nature of corro
sion products formed on metal alloys in the presence of sulfurcontaining gases.
Oxidizing roasting is the type most widely used in the ex
tractive metallurgy of nonferrous metals such as copper, zinc,
nickel and lead which occur mostly as sulfides.

In the oxidation

of sulfide minerals, the main objective is to remove all or part
of the sulfur from the sulfides and replace it with oxygen.

When

complete sulfur removal is desired, the process is known as dead
roasting.

However, sulfur either as sulfide or sulfate depending

on the roasting condition, is known to dissolve in the oxide phase.
Therefore, knowledge of the extent of sulfur solubility is impor
tant in determining the extent to which dead roasting can be used
to attain maximum sulfur elimination.
Sulfation roasting is also an oxidizing process, but differs
from oxidation roasting in that one or more of the metals will be
present in the roaster as a sulfate.

Differences in sulfate sta

bility can be used to selectively sulfate some metals, while leav
ing others as oxides or sulfides.
The differences in the stability of different sulfates is util
ized commercially in the separation of metals.

For example, copper

and zinc sulfate are more stable than ferric sulfate.

Hence, when

some ores which contain copper, zinc and iron compounds are roasted
in controlled sulfating atmospheres, it is possible to prepare
copper and zinc sulfate selectively, while the iron is retained
as oxide.

Simple leaching techniques can then effectively separate

2

the soluble copper and zinc sulfate from the insoluble iron oxide.
The same basic principle of selective sulfate formation can also
be applied to mixed oxides, to convert one or more of them into
soluble and insoluble compounds for subsequent leaching.
Selective sulfation is theoretically attainable on many
multi-element combinations, assuming each sulfate is a pure
compound.

The selectivity in sulfation roasting is controlled

by adjustment of the temperature and the partial pressure of
oxygen and sulfur dioxide in the roaster bed.

The assumption of

pure sulfate compounds may not always be justified however.

Unex

pected phases such as solid solutions, and compounds between diff
erent sulfates can exist.
There are two main objectives for this study.

The first is

to measure the solubility of sulfate sulfur in several transition
metal oxides, and if possible, correlate the trend in solubility
to the thermodynamic stability of the sulfate compound.

The second

is to develop an experimental technique for determining the thermal
stability of single and mixed sulfates which is capable of detecting
compound formation and solid solubility between mixed sulfates.
The technique will then be used on combinations of sulfates of
the same transition metals investigated in the first part of the
work.

3

II.

A.

REVIEW OF LITERATURE

THERMAL STABILITIES OF SULFATES
The thermodynamic stabilities of sulfates and their decompo

sition products have been studied by numerous investigators.

The

main objective has been to obtain basic information of practical
value.

For example, the difference in stability of metal sulfates

has made possible separation processes that depend on selective
sulfation of oxide mixtures during roasting.

The availability of

reliable thermodynamic data is a necessary prerequisite to the
development of processes for treating complex sulfide ores, and
by-products generated in conventional smelting and refining pro
cesses.
A selective sulfation roasting process carried to a pilotplant scale*' has shown that a fluidized-bed roaster can be used
for making copper and cobalt sulfates while retaining the iron in
an insoluble oxide form.

The recovery of copper, nickel, zinc,

and cobalt from complex sulfide ores by fluidized-bed sulfation
roasting and leaching has been in operation since 1967 by Outokumpo
2

Oy in Finland,
3

A recent example
cess.

of a sulfation roast process is the RPC pro

A sulfide ore containing 4.5% Zn, 1.7% Pb, 0.4% Cu, and

33% Fe was roasted on a mini-pilot plant scale of 400 kg/day, in
a fluidized-bed reactor using air at 40% excess over the stoichio
metric requirement at about 685°C.

Recirculation of sulfuric acid

and iron sulfate to the roaster helped keep the temperature in a
narrow range, and provided a roaster gas capable of selectively
sulfating the copper, lead and zinc.
Another important example of sulfur elimination is that occur4
ring during calcination of limestone. Turkdogan et al reported
that pyrite in the limestone dissociates to pyrrhotite and sulfur
vapor during heating of the limestone to the calcination temperature.
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Sulfur vapor then reacts with CO2 to form SO2 which is subsequently
removed from the calcination furnaces.

He showed that the ther

modynamic properties of the sulfate, sulfide, and oxide could
be used to calculate the conditions for maximum sulfur elimination.
An example of selective sulfation roasting of mixed oxides has
been given by Chaubal et al.^

They selectively sulfated zinc oxide

from electric arc furnace dust by adding iron sulfate and heating
to 600-650°C.

Other examples of selective sulfation roasting may

be found in the review by Tikkanen.^
Most thermodynamic studies on thermal stabilities of sulfates
have employed methods involving gas equilibrium.

The total pres

sure and temperature over a sample of partially decomposed sulfate
can be measured in a static system.

Then the measured total pres

sure can be resolved into the individual partial pressures (SO2,
02 , and S03) in order to calculate the equilibrium constant for
the sulfation reaction.

Ingraham and Kellogg have studied several
7891011
sulfation equilibria using the above technique. ’ ’ ’ *
Alternatively, flowing mixed gases can be used to establish
the equilibrium partial pressures.

Some sulfation equilibria
12 13 11\ 15
have been studied by Turkdogan and other investigators
* ’ ’
by using this method.
An EMF method can also be used, as shown by Skeaff and Espelu n d ^ to determine sulfate-oxide equilibria.

An oxygen partial

pressure is established by means of the sulfate-oxide mixture
which is separated from an oxygen reference electrode by CaO-doped
Zr02 as a solid oxide electrolyte.

The total pressure is kept at

1 atm., and the system generates its own partial pressures of
SO2, 02 , and SO3.
An overall review of sulfation equilibria has been presented
by K e llogg.^

More recently, thermodynamic data for selected

metal sulfates were critically evaluated and compiled by the
Bureau of M i n e s . ^
This review and other literature data were consulted to

5

obtain equations for calculating the equilibrium gas pressure
during transition metal sulfate decomposition.

In general, the

correlations presented by Kellogg, and the work of Skeaff and
Espelund were found to be in closest agreement.

Table I was

prepared from available data on sulfation equilibria.

Wherever

possible, equations from at least two data sources are given.
Thermal decomposition temperatures were calculated from the
equations in Table I, and then compared to decomposition tempera
tures obtained experimentally in this work.
There is clearly a fairly comprehensive body of reliable
thermodynamic data on the stability of the common transition
metal sulfates.

However, no systematic search has been made for

sulfate compounds or solid solutions among the commonly-occurring
transition metals.

The existence of such phases could have a

significant effect on attempts to carry out selective sulfation
19
roasts.
In a recent study, Turkdogan and Vinters
demonstrated
that selective sulfation is not always possible for some mixtures
because of extensive solid solubility between sulfate phases
which exist at the roasting conditions.

Selective sulfation may

also be impossible when sulfate compounds form.

B.

SULFUR SOLUBILITIES IN METAL OXIDES
Relatively little information is available on the solubility

of sulfur in oxides.
Turkdogan,

20

The available data has been summarized by

and is represented in Figures 1 and 2.

The data in

Figure 1 are for sulfur dissolved as sulfide species, for condi
tions of equilibrium with the sulfide phase.

Figure 2 gives

similar data for sulfur dissolved as sulfate species, in equilib
rium with the sulfate phase.

Since the main focus of this work

is on sulfur dissolved as a sulfate iron, some commentary on
the results presented in Figure 2 is in order.
Sulfate reaction equilibria for the Mn-S-0 system and sulfate
solubility in pure manganese oxides (MngO^, M ^ O s ) were studied

6

TABLE I
THERMODYNAMIC DATA FOR VARIOUS SULFATES
Reactions

T Range, K
LO* ^ n

l/3Fe2 (SO4) 3 -*■ l/3Fe£03 + SO2 + h 0 2

l/3Cr2(S0i+) 3 ■+■ l/3Ct203 + SO2 + % 0 2

2CuSOij ■> CuO •CuSOi* + SO2 + h 0 2

CuO *CuSOi* -*■ 2CuO + SO2 + ^ 2

NiS0i+ -*■ NiO + S02 + % 0 2

£ + B
= T

Experimental
Technique

Re f .

920-1020

-13450/T + 12.61

EMF

16

700- 900

-14690/T + 14.24

Compilation

18

900-1100

-14900/T + 14.20

Total Gas Pressure
17
and Temp. Measurement

880-1040

-15500/T + 14.26

TGA

15

700- 900

-15462/T + 14.20

Compilation

18

938-1065

-15950/T + 14.21

EMF

16

800-1100

-15910/T + 14.20

17
Total Gas Pressure
and Temp. Measurement

800-1100

-15640/T + 13.19

Compilation

800-1100

-15957/T + 13.53

17
Total Gas Pressure
and Temp. Measurement

880-1130

-18150/T + 15.32

900-1200

-18000/T + 15.20

EMF

18

16

17
Total Gas Pressure
and Temp. Measurement

7

TABLE I (CONTINUED)

Reactions

3ZnS0fj ->• Zn0*2ZnS0if. + SO2 + %02

SgZnO-ZZnSOi* ■+■ 3/2ZnO + S02 + h O 2

3/2CdS0if

^(CdSOi^ *2CdO) + S02 + k ® 2

T Range, K

| +B
Lo§ KR x n = T

Experimental
Technique

Ref.

987-1145

-13630/T + 11.41

EMF

1100-1200

-13629/T + 11.50

17
Total Gas Pressure
and Temp. Measurement

793-1210

-16790/T + 13.39

EMF

900-1200

-16797/T + 13.39

Total Gas Pressure
and Temp. Measurement

-13494/T +

17
Total Gas Pressure
and Temp. Measurement

1100-1200

9.59

16

16
7

8

T ,° C

Figure 1.

Solid Solubility of Sulfur as Sulfide Ions in Metal
Oxides, in Equilibrium with the Sulfide Phase

9

T , °C

Figure 2.

Solid Solubility of Sulfur as Sulfate Ions in Metal
Oxides, in Equilibrium with the Sulfate Phase
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by Turkdogan et al.

They equilibrated the oxides with a flowing

SO2-O2-N2 gas mixture at temperatures between 860°C and 1000°C.
They found that the upper limit of sulfur solubility as sulfate
ions in manganese oxides (where MnSOi* was in equilibrium with
the respective oxides) increased from 0.055% sulfur at 860°C to
0.11% sulfur at 1000°C.
Turkdogan et al

12

also studied the sulfur solubility in lime

by equilibrating the lime with CO-CO2-SO2 gas mixtures at tempera
tures from 950°C to 1300°C.

They found that at CO2/CO ratios > 100

in the gas (high oxygen activities), sulfur dissolves in the lime
principally as sulfate ions.

Over the temperature range investi

gated the upper limit of sulfur solubility in equilibrium with
CaSOtj is between 0.03 to 0.1% sulfur, increasing with increasing
temperature.
The sulfate sulfur solubility in magnesia has been studied
13
by Turkdogan and Rice
by equilibrating pure magnesium oxide
with SO2-O2-N2 gas mixtures at temperatures between 900°C and
1050°C.

Their results show that the upper limit of sulfur solu

bility in pure MgO increases from 0.04% sulfur to 0.1% sulfur at
O
O
temperatures from 900 C to 1050 C respectively. A similar experi
ment was also performed with MgO in the presence of calcium
impurities.

The apparent solubility of sulfur in magnesia in

creases appreciably with increasing concentration of calcium
impurity because of the formation of the ternary phase
CaSOi+OMgSOi*.
19
Turkdogan and Vinters
have measured the sulfur solubility
O
in NiO at 850 C with an ingoing gas mixture containing approximately
45% SO2, 23% O2, and 32% N2.

They found that NiO in equilibrium

with NiSO^ at 850°C contains 0.08% sulfur.
The solubility of sulfur in NiO and CoO at 1000°G has been
investigated over a vide range of oxygen and sulfur partial pres21
sures by Pope and Birks
using CO, CO2, and SO2 as input gases.
They concluded that sulfur probably dissolves in the range

11

10-2-10~3% either by exchange with 02- ions occupying 02- sites
as S2~ ions, or as neutral sulfur on interstitial sites.

The con

ditions employed by Pope and Birks are far from those required
to stabilize either the sulfide or sulfate phases.
It is apparent from the foregoing discussion that virtually
no information is available on the sulfur solubility in oxides
of the typical transition metals present in sulfide concentrates.
Furthermore, there is some evidence in the literature to indicate
that the rate of sulfation of oxides is affected by the presence
of dissolved sulfur ions in the oxides.

The present work was

therefore undertaken to provide a clearer picture of the extent
of sulfur solubility in certain transition metal oxides, and
to note any significant trends.

12

III.

THEORETICAL CONSIDERATIONS

As mentioned earlier, sulfide ore concentrates are often
roasted to convert the sulfides to metal oxides and/or sulfates.
If the intended conversion is from sulfide to oxide, it is known
as an oxidizing roast.

The objective of a sulfation roast is

to convert metal sulfides or oxides to sulfates usually prior to
leaching.

Depending on the concentrate and subsequent treatment

of the calcine (roast product) by hydrometallurgical or pyrometallurgical processes, the roasting is done at temperatures of
500-1000°C, while avoiding melting any of the constituent minerals
and reaction products.

The thermodynamic considerations for phase

stability during roasting have been discussed by several investi„
22,23,24,25,26,27

A.

THEORETICAL THERMAL DECOMPOSITION TEMPERATURE (Tp ) CALCULATIONS
Thermal decomposition of a sulfate occurs by removal of sul

fur and oxygen to form an oxide or a basic sulfate, followed by
decomposition to an oxide.
The reaction for the decomposition of a simple sulfate is
MSO lj + MO + S02 + ^02

(1).

The equilibrium constant for the above reaction is given by
K /-i\ = Pon (Pn ) 2 when MO and MSO4 are pure phases.
3U2 02
The following equilibria also exists between S02 , 02 , and
SO3:
S02 + h 0 2 + SO3

(2)

K (2) = PS03/(PS02 (P0 2) *
The relationship between PgQ2 > P q 2 ’ ant^ PS03 is ^ xe<^ ^y
reaction (1) and (2), and PT .
Available thermodynamic data can be used to calculate T^ of
a sulfate for any experimental condition.

A sample T^ calculation
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for NISOij is given in Appendix A.

B.

THERMODYNAMICS OF SULFUR SOLUBILITY IN METAL OXIDES
Although sulfur may conceivably exist in a number of diff

erent forms in oxides, the simplest which can be imagined are
sulfate and sulfide.

If these were, in fact, the only forms,

the following equilibria would control the partition of sul
fur between oxide and gas:
A)

The first equilibria should apply under reducing con

ditions .
%S2(in gas) + 02 (in oxide) ■+ S2“ (in oxide) + %C>2(in gas)

(4)

< v - > V
K
(4)

(a

(aQ2-)(Pg^)&

Sulfur and oxygen in the gas are also in equilibrium with SO2
SO2

K,.

<5>

H S 2 + O2

(5)

= -----------

pso2

Summing reactions (4) and (5) gives:
SO2 + 0 2 (in oxide)

S2-(in oxide) +

O2

(6)

(v - > < V 3/2

(ao2-)<pso2)
For dilute solutions, sulfur is expected to obey Henry's
law.

The oxide ion activity of the oxide phase will be constant

at low sulfur concentrations, therefore, for a given partial
pressure of SO2 in the reaction zone, a plot of log (Wt. % S)
against log (p_ ) should be linear with a slope of -3/2.
U2

14

B)

A second equilibrium should apply under oxidizing

conditions and can be expressed as follows:
h

$2

+ J 02 + 02

SO14^

-*■

(7 )

W
(V - )<ps2)V(l,o 2),/2
Summing reactions (7) and (5) gives:

so2 + ho 2 + o2_ -*■ sOi*2-

( 8)

aS0i42“

k<8> ’ v

v

^

Also the following reaction is important:
SO3

S02 + Jg02

(9 )

Summing reactions (8) and (9) gives:

S 0 3 + 0 2_ -v SOit2 -

( 10 )

a S0it2-

K(io)

(pso3)(a o2- )

For very dilute sulfur solubilities (Henry's law region) the
Wt. % S is directly proportional to agg 2_.
SO'

is kept constant, a plot of log (Wt. % S) versus log (p

would have a slope of Jg.
of —

Therefore, where

~ —

Also, according to K

(10 )

)
o2;

, the value

(herein called the sulfur solubility coefficient)

PS0o
should be a constant at any temperature.
The relationship between sulfur solubility as sulfide and
sulfate is shown in Figure 3.

The limiting solubility in the

oxide is that value at the sulfide or sulfate phase boundary.

15

Log Wt. °/

Figure 3.

Sketch of the Theoretical Sulfur Solubility (as S2- and
SO42—) as a Function of

at Fixed Pg^
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C.

THEORY OF TGA OF MIXED SULFATE PHASES
The schematic diagram in Figure 4 illustrates the type of

results expected when a mechanical mixture of two sulfates is
reacted in an SO2-O2 gas mixture.

The point A represents the

initial weight of the sulfate mixture.
If there is no interreaction between the sulfates, both
sulfates should decompose at their exact thermal decomposition
temperatures (Figure 4-a).

MSO^ shown in the figure is more

stable than NSO^ in terms of temperature.
If a complex sulfate compound forms, thermal decomposition
should occur somewhere between the T^ of NSO^ and MSOi*, because
of the lower activity of the unstable sulfate in the compound
(Figure 4-b).
If there is a solid solution of NSO^ in MSO4 as shown in
Figure 4-c, decomposition should take place between these two
decomposition temperatures and the weight decreases continuously
along the curve BD with increasing temperature.

If there is a

partial solid solution between the sulfates, the weight should
decrease along BC and below C (N oxide saturated with MSO^)
should form as a second phase.

The experimental results were

examined with this theoretical prognostication in mind, and
confirmed by x-ray diffraction.
It should be pointed out that the usefulness of the tech
nique is decreased when NSO^ and MSO4 have about the same
stability.

Also, the technique is not very sensitive to the

existence of weak compounds or very limited solid solutions.
In these cases, some other means must be employed to study
the system.

D.

THERMODYNAMICS OF GAS PHASE REACTIONS
In this study, the extent of dissolved sulfur as sulfate

in a number of metal oxides was measured as a function of
temperature for samples heated in a flowing gas mixture containing

17

Wt. of
SAMPLE

T
Figure 4.

Schematic Representation of Four Possibilities of Thermal
Decomposition of Sulfate Mixtures

18

SO2 and O2.

Most runs were made In mixtures containing SO2 and

O2 in the ratio 1.381:1.

This ratio nearly maximizes the

partial pressure of SO3 in the furnace gas, and thus gives a
high value of sulfate sulfur solubility in the metal oxides.
For a constant ingoing gas composition of 58% SO2 and
42% O2, the equilibrium partial pressure of SO3 can be expressed
(*)
from the available thermodynamic data
as follows:
Log(ps()3) = ^

- 4.834

(11)

over a temperature range 1123 K to 1373 K at P^ = 0.96 atm.
At lower temperatures, some of the sulfur solubility experments were carried out with an ingoing gas mixture of 10% SO2
and 90% O2.

The p n for this gas ratio was expressed as:
bU3

L°g(pS03) =

(12 )

- 5.086

over the temperature range 1123 K to 1273 K and at P T = 0.96 atm.
The equilibrium partial pressure of S03 is graphically
represented in Figure 5 where the log (p _ ) is plotted versus
bU3
reciprocal temperature.

From this information, it can be seen

that the PgQ3 gradually increases with decreasing temperature.
The PgQ3 is not much affected by changing the S02:02 ratio
from about 1.25:1 to 3:1.

This is represented in Figure 6 where

the equilibrium partial pressure of S03 is plotted versus ingoing
gas ratio (S02:02) at 1000°C.

From this figure, it can be

noted that small errors in gas mixing ratio will have little
effect on PgQ3 •

From the foregoing, it can be seen that for a

fixed ingoing SO2/O2 gas ratio, temperature has a twofold effect
on sulfur solubility.

^ ^

First, increasing the temperature decreases

SO2 + %02 "*■ SO3
T
v
5046
, 7Qn28
Log K = — ----4.790

over the temperature range 1123 K to 1373 K.
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T,°C

Figure 5.

Plot of Calculated Values of
Ingoing Gas Mixtures.

vs. 1/T for Two Different

P^ = 0.96 Atm.
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Figure 6.

Plot of Calculated Value of p,,- vs. Ingoing Gas Ratio at
1000°C. PT = 0.96 Atm.
&Us
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the PgQ3 » an<* hence would be expected to decrease the solubility
of sulfur.

However, Increasing temperature would be expected

to increase the solubility of SO^2" according to reaction 10.
The overall effect of temperature is therefore best expressed
in terms of log (— 1— i— ) versus reciprocal temperature, as shown
S03
by:
T
,Wt. %
A ,„
Log ( y — ■■— ) = y + B

S03
This relationship assumes that sulfur obeys Henry's law
in oxides, owing to its low concentration.

( 13)
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IV.

A.

EXPERIMENTAL PROCEDURE

GENERAL DESCRIPTION OF TGA APPARATUS
A schematic diagram of the thermogravimetric apparatus em

ployed in this study is shown in Figure 7.
was made of Vycor.

The reaction tube

The basket containing anhydrous sulfates

was made of platinum gauze to prevent any undesirable reaction
between samples and holder.

The platinum basket was suspended

on a fused silica rod and attached to one arm of a Cahn electro
balance.

A reaction gas mixture containing SO2 and O2 was admitted

into the reaction tube from the lower end with a flow rate of
300 cm3/min.

This gas swept through a packed bed consisting of

AI2O3 topped by a layer of platinized AI2O3.

The platinized

AI2O3 served as a catalyst to achieve equilibrium between SO3,
SO2> and 02*
The reaction tube was surrounded by a split tube furnace
with two heating elements.
ture zone of 3 cm.

The furnace has a ±1° constant tempera

The temperature of the furnace was controlled

with a Barber-Colman Model 570 programmable temperature controller.
The sample-containing basket and the tip of the thermocouple
were placed near the center of the constant temperature zone.
The actual temperature of the basket was recorded during the
run by placing a Chromel-Alumel thermocouple, protected with a
fused silica thermocouple sheath, immediately below the basket.
Particular attention was paid to the measurement of the
temperature.

Before the working thermocouples were used for

actual temperature measurements, they were compared to a cali
brated thermocouple, made from the same spool of wire.

The

calibrated and working thermocouples were compared by use of
a tube furnace and stainless steel block.

All thermocouples

were inserted into holes drilled in the block, which was inserted
in the tube furnace to the same distance as they would be inserted
in the sample furnace.

The furnace was then heated to a particular
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Figure 7.

Experimental Arrangement for Thermogravimetric Analysis
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temperature (up to 1000°C), and the readings from the thermo
couples were noted.

The working thermocouples were then picked by

selecting those that were within a ±10 deviation to the calibrated
thermocouples.

The sample temperature was generally measured

with one of the working thermocouples, and sometimes with one of
the calibrated thermocouples.
The output from the electrobalance and the thermocouple
were fed into a two-channel potentiometric recorder so that the
temperature corresponding to the onset of decomposition could
be easily identified.
Anhydrous SO2 from Matheson with a 99.98% (min) purity and
oxygen from Ozark Gas with a 99.6% purity were used in this
study.

The flow rate of each pas was monitored by using a Teledyne-

Hasting-Raydist Model CST-1K automatic mass-flow controller.

B.

TGA TECHNIQUE FOR DETERMINING Tp OF PURE SULFATES
Anhydrous sulfates from Baker Chemical Company were placed

in a platinum basket suspended from a fused silica rod that was
attached to one arm of the electrobalance.

For most experiments,

the mass-flow controller was adjusted to give a 58% SO2 and
42% O2 gas mixture.

This gas was passed through the reactor tube

from the lower end of the furnace and vented to a hood from the
top.
The furnace was rapidly heated to a temperature 50-60°C
below the approximate decomposition temperature of the sulfate
as obtained in the previous thermodynamic calculation.

The

temperature was then increased at a rate of approximately l°C/min
in the initial experiments.

The approximate decomposition tempera

ture was noted from this preliminary TGA run.

In subsequent ex

periments, using the same gas mixture, the furnace was rapidly
heated to a temperature 25-30°C below the approximate decomposition
temperature obtained in the preliminary experiments; the furnace
temperatures were then increased at a rate of 0.20°C or 0.25°C/min
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until the decomposition of sulfate was detected.

was taken

as the temperature at which the weight loss was arbitrarily taken
as 1% of the initial sample weight.

C.

PROCEDURES FOR DETERMINING Tp OF MIXED SULFATES
Anhydrous sulfates, in a sulfate ion ratio 1:1, were mixed

in a plastic container by using a Spex mixer.
15-20 minutes were required to mix the samples.

Approximately
Sulfate mixtures

were then pressed into a cylindrical brick about 2 cm diameter
and 1.5 cm height under 700*105 Pa.

The cylindrical brick was

then sintered in a gas mixture containing a ratio of SO2 and
O2 of 1.381:1.

The sintering temperature was chosen about

30-40°C lower than the thermal decomposition temperature of
the more unstable sulfate in the mixture.
Approximately 24 hours sintering time was required to assure
formation of any possible solid solution or compound between the
two sulfates.

X-ray analysis of the quenched sintered samples

was made to identify the phases present in the mixture at the
sintering temperature.

The sintered mixture was then reacted

with the same gas ratio by slow heating of the samples (0.25°C/min)
to determine the onset of decomposition.

The application of TGA

of the mixed sulfates was the same as for the thermal decomposition
of pure sulfates.

D.

APPARATUS AND TECHNIQUES FOR DETERMINING SULFUR SOLID
SOLUBILITY IN OXIDES
In this series of experiments, the apparatus employed was

either a vertical furnace described earlier as part of the TGA
equipment or a horizontal furnace shown in Figure 8,

Most ex

periments were carried out at S02:02 ratio 1.381:1, but some
were done at 9:1.
Because of the unimportance of the weight change for this
series of experiments, the vertical furnace shown in Figure 7
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Figure 8 .

Horizontal Tube Furnace Apparatus
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was modified.

The electrobalance was removed.

Another inlet

for nitrogen was added at the top of the furnace just above
the gas outlet.

This modification was designed not only to

prevent contact between air and outlet gas and subsequent
formation l^SOi* but also to allow for rapid quenching of the
sample.

The same arrangement was also present on the horizontal

tube furnace.
About 1 gram of anhydrous sulfate was placed in a small plati
num basket for use in the vertical tube furnace, or in an alumina
boat for use in the horizontal tube furnace.

They were both

held by a fused silica rod in the constant temperature zone of
those furnaces.
Reagent grade sulfates were usually decomposed with the
same gas mixture used for measurements of thermal decomposition
temperature of sulfates.

Experiments were carried out on the

oxide at several temperatures, all greater than T^ of the res
pective sulfate.
In order to establish that equilibrium was reached for each
sample, some preliminary experiments were carried out at one
particular temperature for different reaction times.

It was

found that the sulfur content decreased to a constant value as
the time of equilibration increased.

The time was chosen at

each temperature to be in excess of that required to give a
constant sulfur content.
Another series of experiments for checking the attainment
of equilibrium was also carried out.

In this series of experiments

the starting phases were both oxide and sulfate placed in the
same boat and separated with an AI2O 3 plate.

The equilibrium

time was then chosen at each temperature to be in excess of
that required to give the same sulfur content for both phases.
Generally, 20 hours was sufficient time for most samples, but
at lower temperatures, 40 hours was required.
Attempts to measure the solubility of sulfur in chromium
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oxide showed that equilibrium was not attained even after 48
hours.

Therefore, this oxide was omitted from study in this

work.
After equilibrium was reached, particular attention had to
be paid to the quenching of the sample.

Special arrangements

for quenching were necessary because previous experiments without
a top nitrogen purge showed that if the sample was quenched by
rapidly pulling it to the top of the furnace tube, there was
sulfur pickup from S03 in the reaction tube.

Also with no ni

trogen flow during the run, air containing moisture could get
into the furnace and react with S03 to form H 2SO4 at the end
of the reactor tube.

When the sample was pulled out at the

end of the experiment for quenching, this residue was vaporized
and sulfur-bearing gases returned to the sample.
These difficulties were circumvented by maintaining constant
nitrogen flow and by sealing the furnace tube during the run.
The nitrogen flow prevented moist air from reacting with SO3
and forming I^SOi^. at the exit end of the tube.
After quenching, the samples were analyzed for total sulfur
content by the standard combustion iodometric titration method.
A Leco apparatus was used with a 0.111 gr/£ KIO3 solution, and
titration color was adjusted by eye.
A blank determination for Leco calibration was made by analyz
ing a crucible and cover charged with all the reagents but not
the sample.

This result was always subtracted from the sample

buret reading.

A new blank determination was made whenever a

new supply of crucibles, material or reagents was used.
Since not all of the sulfur in the sample is converted to
SO2 , the actual % sulfur was determined with the use of a factor
"K".

The value of K was determined with a known sulfur content

standard such as cast iron (0.070 % S) and Bessemer steel
(0.047 % S).

The factor "K" was calculated by employing a

standard sample weight such that the final reading would be
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within the buret range for most oxide samples.

K is expressed

by:
&

=

Buret Reading for Standard - Blank
/ oy
n . 1 c ____
___ j_____
r
_______ 3 _____a \
/1T _ (% Sulfur Content of Standard) (Weight of Standard)
n

t-

r t

(14)

i

The value of K was taken as the average of several deter
minations, and was redetermined many times during the course of
the work.

Both blank and K values were found to be reasonably

constant for each calibration experience.

The average values

were 0.0108 and 3.255 for the blank and K respectively.

The

values of K and blank obtained for several runs are shown in
Appendix B.

The % S in the sample was then determined with a

known weight of sample by using the following formula:
w „
, x
Buret Reading for Sample - Blank
i S (ln sa",I>la, ’ ------k (Weight of Sample)

E.

(15)

PROCEDURE FOR IDENTIFICATION OF PHASES
In order to identify the phases shown on the TGA graphs of

mixed sulfates and of some of the decomposed products of individual
sulfates, x-ray diffraction analysis was carried out by using
Philips diffractometer equipment.
for powder diffraction.

All samples were hand ground

The x-ray equipment was operated with

2°/min scanning speed for all the experiments.
diffraction patterns were made using copper

All the x-ray
radiation with a

monochromator to avoid other undesirable radiations and to
reduce the diffraction background for iron-rich compounds.

Some

of the x-ray runs were made with the addition of 10 or 12 wt. %
pure powdered silicon to the sample to calibrate the Bragg angles
(26).

After experiments with and without silicon, it was observed

that the addition of silicon to the sample was not necessary.
Each x-ray diffraction pattern was then examined using ASTM
indices.

Unidentified peaks in a diffraction pattern were a

assumed to be new phases.
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F.

ERROR ANALYSIS
Possible error sources were studied and classified as follows:
1.

Error from temperature measurements.

2.

Error from ingoing gas mixture.

3.

Error from Leco sulfur analysis measurements;
a)

blank determination, and

b)

"K" factor determination.

The range of the above error sources were also studied and
estimated within a certain interval.

A ±2° interval was estimated

as the possible temperature measurement error.

An estimate of

±2% in SO2 composition was used for the error in inlet gas analysis.
In sulfur solubility experiments, the major error source was found
in the measurements of sulfur by the Leco equipment.

It was

estimated that more than 85% of the total error basically comes
from the measurements of sulfur analysis.

This error was calcu

lated by taking the upper and lower values of the blank and the
variability in the "K" factor.
The total error in the log sulfur solubility factor was
found to be ±0.08.

A straight line was fitted to the data using

a linear regression (first order least square) technique.

The

technique calculates a straight line between the two variables
x and y.

Wt

% s

In this case x and y denote 1/T and log (-— ^--- -)

respectively.
Within a 90% confidence limit, the acceptable error intervals,
±, were calculated for each system by means of standard deviation
of the measured point to the estimated one.

The 90% confidence in

terval for ZnO was calculated from 22 experimental points and is
representative of the error expected from the other oxides.

In

the middle of the temperature range over which data for ZnO was
obtained, the 90% limit of log (-■— -■■%' — ) = ±0.032.

PS03
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V.

A.

RESULTS AND DISCUSSION

Tp OF PURE SULFATES
Thermal decomposition temperatures for several sulfates were

determined experimentally, and compared to values calculated from
thermodynamic data.

The results are shown in Table II.

As

mentioned earlier most of the runs used a 1.381:1 SO2-O2 gas
ratio.
TGA runs were carried out for Fe2 (80^)3, Cr2 (S0it)3 , CuSOi*,
NiSOit, ZnSOit, and CdSO^.

The thermal decomposition temperature

(Tp) for each sulfate was arbitrarily defined as the temperature
at which the sample lost 1% of its total weight at a heating rate
of 0.20°C/min.

B.

Tp OF MIXED SULFATES
The results of the TGA experiments are shown in Figures 9

to 13, where the weight percent of the sample is plotted against
temperature for constant gas composition of 58% SO2 and 42% O2 .
The temperatures at which the individual sulfates begin to de
compose are indicated by vertical lines on the abscissa.

The

condensed phases for each predominant areas labelled as a, b,
c, etc., in those figures were analyzed by taking x-ray diffraction
patterns.
The result in Figure 9 is for a mixture of zinc and iron
sulfates with a sulfate ion ratio of 1:1.

From the figure and

theoretical prognostication discussed before, it can be
seen there is no compound formation or appreciable solid solu
tion between these two sulfates.

The decomposition temperatures

for the sulfates in the mixture were virtually identical to
the decomposition temperatures for individual constituents.
X-ray analysis for this mixture confirmed the results of the
TGA experiments.
The results of TGA experiments for a mixture in the ratio of
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TABLE II
THERMAL DECOMPOSITION TEMPERATURES OF VARIOUS SULFATES
WITH AN INGOING GAS MIXTURE OF 58% S02 AND 42% 02 .

td

Type of Reaction

Calculated
Values
(°C)

PT = 0.96 ATM.

Critical Gas Composition
At Equilibrium

td

po2

PS02

PS03

Experimental
Values
(°C)

l/3Fe2 (S0it)3 -> l/3Fe20 3 + S02 + h 0 2

73616 72417

0.24100

0.32500

0.39300

715

l/3Cr2 (SO^)3 -► l/3Cr20 3 + S02 + k 0 2

76615

0.27500

0.33800

0.29600

747

2CUS01+ -*■ CuO •CuSOi* + S02 + k 0 2

80316 80117

0.32000

0.44200

0.19600

801

CuO-CuSOit -* 2CuO + S02 + ^02

86518 86017

0.35000

0.48400

0.12500

863

NiS0i| -»■ NiO + S02 + k 0 2

87116 87017

0.35200

0.48700

0.12000

870

3ZnS0L,. -*■ Zn0"2ZnS0i| + S02 + k 0 2

86716 86618

0.35100

0.48500

0.12300

866

JgZnO*2ZnS0i<. -*■ 3/2Zn0 + S02 + % 0 2

93516 935 7

0.37100

0.51300

0.07600

936

S/ZCdSO^ + ^(CdSOi^CdO) + S02 + k o 2

875

0.95011

0.00711

0.00278

875

*

*

(*) Calculation for an inlet gas of 1% S02 and 99% 02 , because CdSOi* melted at about 1000 C.
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Figure 9.

TGA Results for ZnSOi* and Fe?(SOi*^ Mixture
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1 mol of ZnSOtf to 1 mol of NiSOi* is shown in Figure 10.

There was no

compound formation or appreciable solid solution indicated by the
TGA results.
In Figure 10, point A very closely corresponds to the ther
mal decomposition temperatures of both NiSOi^ and ZnSQ^ as measured
in this work.

The mixture starts to dissociate at point A and

simultaneous decomposition goes slowly along the curve AB.
Basic zinc sulfate in the mixture decomposes at point C which
is identical to the decomposition temperature for basic zinc
sulfate itself.
The dominant phases on the x-ray diffraction pattern at
950°C are a mixture of NiO, ZnO, and Zn0*2ZnS0i* as expected.
The main difference between x-ray diffraction patterns at 900°C
and 950°C were the intensities of the basic zinc sulfate peaks.
A lower intensity of the Zn0*2ZnS0t( peaks was found at 950°C
because of a smaller amount in the mixture.
In Figure 11, the results are shown for a mixture of zinc and
copper sulfates which has the same 1:1 sulfate ion ratio as
previous mixtures.

Both TGA and x-ray diffraction pattern results

show there is no compound formation or appreciable solid solution
between these sulfates over the temperature range investigated.
CuSOt* in the mixture decomposed to cupric oxysulfate along
curve AB at about 805°C which is nearly identical to T^ obtained
for CuSOt* alone.

CuSOt* decomposition was completed at point B,

followed by a sluggish reaction along curve CD where both ZnSO
and Cu0*CuS0it decomposed to their respective phases.

This

sluggish reaction of basic copper sulfate decomposition was
29
reported by Ingraham and Marier.
The last stage of the decom
position took place at point E where basic zinc sulfate in the
mixture yielded to zinc oxide along the curve EF.
The results obtained with a mixture in the ratio of 1 mol of
Fe2(S0i+)3 to 1 mol of C^CSOi^s are shown in Figure 12.
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T,°C
Figure 10.

TGA Results for ZnSO^ and NiSOi* Mixture
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Figure 11.

TGA Results for ZnS0i+ and CuSOij Mixture
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Figure 12.

TGA Results for Fe2 (SOi^ and (^2 (804)3 Mixture
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The first significant weight change for this mixture was
detected at about 720°C, which is 5-6° higher than
sulfate itself.

of iron

Simultaneous decreasing of the weight with in

creasing temperature from 720°C to 745°C, labelled as A and B on
the figure may be due to some mutual solid solution of Cr2(S0i*) 3
and Fe2(S0it)3.

The decomposition reaction was completed at point

B at which temperature ( h ^ C S O O 3 should have started to decompose.
The final oxide product was not expected to be a simple mixture
of iron and chromium oxide, but rather an oxide compound,
(Cr,Fe)2O 3 as predicted by the phase diagram.
X-ray diffraction results of samples of the mixed sulfates
quenched from 735°C do not give conclusive evidence as to the
possibility of some degree of solid solution or compound forma
tion in this system.

This is because iron and chromium compounds

have similar diffraction patterns.
The result in Figure 13 is for a mixture of zinc and cadmium
sulfates having the sulfate ion ratio 1:1.

From this figure

and theoretical expectations, it is apparent that there is a
stable compound between these sulfates.

There was no decomposition

observed up to 950°C.
The x-ray diffraction pattern for a mixed sulfate sample
(shown in Table III) equilibrated at 820°C verified the existence
of a compound between zinc and cadmium sulfate.
new lines were observed.

At least 11

Also, the strongest line for ZnSOit

(d = 3.543) and CdSOi* (d = 3.329) were not observed.

C.

SOLUBILITY OF SULFUR IN OXIDES
The extent of dissolved sulfur as sulfate ions in ZnO, NiO,

CuO, and Fe203 was measured as a function of temperature for
samples heated in a gas containing SO2 and O2 In the ratio of 1.381:1.
This creates a high partial pressure of SO3 in the furnace gas,
and thus gives high values for the sulfate sulfur solubility in
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Figure 13.

TGA Results for ZnSOi, and CdSOi* Mixture
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TABLE III
X-RAY ANALYSIS OF ZnSO^ AND CdSOi* MIXTURE COOLED FROM 820°C

Measured
20
Values

0
d, A

Peak
Height
(cm)

20.20

4.39

7.80

22.15

4.02

2.60

24.00

3.70

5.00

25.70

3.46

5.00

26.10

3.41

2.40

32.90

2.72

18.50

33.20

2.69

13.50

34.10

2.62

4.60

37.70

2.38

5.00

43.25

2.09

3.20

46.20

1.96

2.80

49.10

1.85

4.30

52.80

1.73

6.50
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the metal oxide.

An inlet gas of 10% S02 and 90% 02 was also

used for some experiments to extend the data to lower tempera
tures .
The summarized results of the sulfur solubility experiments
are shown in Table IV as the percent sulfur in solution in oxides
as sulfate ions.

Table IV was prepared from all the experimental

data shown in Appendix C by taking the average value of % S for
each temperature at which the experiment was carried out.
p _

SU 3

The

values for each equilibrium temperature were calculated

from the ingoing gas mixture as described earlier using Equations
(11) and (12) for an inlet gas of (58% SO2 + 42% O2) and (10% SO2
+ 90% O2) respectively.
The extent of sulfur solution for each system investigated
was then determined as a function of temperature and partial
pressure of SO3 according to Equation 13.

The numerical values

in Equation 13 for each system studied were calculated from
the data given in Table IV by using a first order least square
technique, and are shown in Table V.
The graphical representation of sulfur solubility data is
presented in Figure 14, in which the log of the sulfur solubility
factor is plotted versus reciprocal temperature.

The shaded area

represents the 90% confidence intervals for ZnO, as discussed
earlier in Chapter IV, Section F. Other data, reported by
20
Turkdogan
for other systems are also shown in Figure 15 for
comparison.

D.

DISCUSSION OF RESULTS
The results from the binary sulfate mixture experiments show

that there is no interreaction (appreciable solid solution and/or
compound formation) between any of the sulfate mixtures examined,
except for ZnS0it-CdS0i+.

These sulfates formed a stable compound.

Therefore, selective sulfation of ZnO-CdO mixtures may not be
possible.

More work needs to be done in order to identify the

compound formed, and its thermodynamic properties.
Additional work should be carried out with transition metal
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TABLE IV
SUMMARIZED EXPERIMENTAL RESULTS ON SULFUR SOLUBILITY

Oxide
Phase

Temperature
(°C)

Wt. % S
in oxide

pso3
at equil.

T
Log

%S
PS03

•k

ZnO

947*
947
947
991
995
1049
1099

0.02200
0.02400
0.06850
0.02100
0.02120
0.00970
0.00356

0.0165
0.0165
0.0673
0.0502
0.0489
0.0351
0.0264

+
+
+
-

0.1240
0.1620
0.0070
0.3786
0.3633
0.5589
0.8711

NiO

896
924
948
1000
1040
1046

0.05700
0.04700
0.03550
0.01680
0.00830
0.00800

0.0973
0.0792
0.0668
0.0474
0.0370
0.0357

-

0.2322
0.2265
0.2750
0.4505
0.6498
0.6503

CuO

851
901
947
954
992
1000
1029
1035

0.01400
0.02800
0.01400
0.01450
0.00700
0.00700
0.00350
0.00325

0.0316
0.0937
0.0673
0.0642
0.0499
0.0474
0.0396
0.0382

-

0.3539
0.5246
0.6821
0.6460
0.8529
0.8307
1.0535
1.0700

Fe20 3

848
896
947
954
993
1040

0.04700
0.02600
0.01100
0.01000
0.00540
0.00240

0.1420
0.0970
0.0670
0.0640
0.0490
0.0370

-

0.4796
0.5731
0.7869
0.8074
0.9628
1.1886

*

(*) An inlet gas of 10% SO2 and 90% O2 was used.
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TABLE V
SULFUR SOLUBILITY FACTOR FOR VARIOUS OXIDES

T Range, K

Log (
) =
+ B
psoa
T

System

Zn

Ni

10” ° - 8 . 5 9 5
T

1220 - 1373

_ 4.269

1170 - 1320

- 5.325

1124 - 1310

- 5.290

1120 - 1320

T

Cu

Fe

T

TABLE VI
MAXIMUM SULFUR SOLUBILITY FOR VARIOUS OXIDES

System

Fe20 3

NiO

CuO

ZnO

Log (Wt. % S) = £ + B
2943

8300

4953

1194

+ 2.530

+ 6.261

+ 3.075

+ 0.005
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T, °C
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Figure 14.

Plot of Experimental Values of Log of Sulfur Solubility
Factor vs. 1/T
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sulfates mixed with CaSOi^ and PbSO^.

This is because lime has

been suggested as a sulfur scavenger in sulfide ore roasting.

The

calcine is then leached to dissolve the other oxides and sulfates.
If any compounds form between CaSOi* and the other sulfates, the
selectivity of the roasting process would be different than pre
dicted when compound formation is ignored.

Also, both CaSO^

and PbSOij are insoluble in water or sulfuric acid, so any com
pound with other sulfate phases may also be insoluble.
The sulfur solubility results in Figure 14 show that the
Wt % 8
sulfur solubility factor, — — ---, for an oxide decreases with
PS03
increasing temperature.

The linear relationship between the log

of sulfur solubility factor and reciprocal temperature varies for
each oxide phase.

The highest slope was found for ZnO.

In Figure 15, a trend for different oxides is observed such
that the sulfur solubility factor generally increases with in
creasing thermal decomposition temperature of the sulfate.
The maximum sulfur solubility is that value in the oxide
phase when the basic sulfate or sulfate is also present.

The

maximum sulfur solubility for each oxide was calculated from
the sulfur solubility factor.

The log (p _ ) term which was

determined from MSO^-MO equilibria presented in Table I, was
substituted into the equations from Table V.
the data of Skeaff and Espelund*^ was used.

In every case,
The log of the maxi

mum sulfur solubility (Wt. % S) is given in Table VI, and is
plotted against reciprocal temperature in Figure 16.

Also

shown are results calculated from the work of Turkdogan et
12 13 14 19
al.
’ ’ *
It should also be noted the maximum sulfur
solubility (shown in Figure 16) generally decreases as the
stability of the sulfate increases.
The practical maximum sulfur solubility is that value at
the oxide-basic sulfate or sulfate phase boundary for P^ = 1 atm,

(pso2 + po2 + pso3=

l)>

and pso3 as maxlmum (Pq2= ^ so^ -

These
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T , °C

Log

Figure 15.

Plot of Sulfur Solubility Factors for Transition and
Alkaline-Earth Elements
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T, °C

Figure 16.

Sulfur Solubility in Oxides at Sulfate Phase Boundary
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values calculated from equations given for the maximum sulfur
solubility (in Table VI) by using the maximum thermal decomposi
tion temperature (Tp, max) for each system.

Tp, max is the

temperature at which Pm = 1 atm and p„_ :p_ = 2:1.
1
0U2 U2

The practical

maximum sulfur solubility value for each system examined is
shown in Table VII.

Also shown are results calculated from the
L2 13 1i\
work of Turkdogan et al.
’ ’
In Figure 16, vertical and
horizontal lines are used to indicate the Tp, max and practical
maximum sulfur solubility (Wt. %).
These results indicate that sulfur dissolved in the oxide
phase is not a major contributor to the sulfur content found in
dead roasted calcine.
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TABLE VII
THE PRACTICAL MAXIMUM SULFUR SOLUBILITY VALUES FOR VARIOUS SYSTEMS

System

Td , max (°C)

Wt. / s

Remarks

Fe203/Fe2 (S0i*) 3

739

0.418

Present work

NiO/NiSOi*

874

0.106

Present work

ZnO/ZnO^ZnSOi*

938

0.102

Present work

CuO/CuO"CuSOi+

868

0.054

Present work

\k

Ref. 12

CaO/CaSOit

1617

MgO/MgSOi*

1101

0.130

Ref. 13

MnsOi^/MnSOij

1000

0.109

Ref. 14

Calculated value exceeds melting point of CaSOi*.
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VI.

CONCLUSION

TGA and x-ray diffraction analysis techniques can be used to
study compound and solid solution formation between binary
sulfate mixtures.

Results of the present study were discussed

in terms of selective sulfation roasting.

Selective sulfation

roasting is possible when the thermal decomposition temperature
of one of the sulfates differs markedly from the others.

Thermo

dynamic calculations to evaluate the possibility of selective
sulfation are useful only if the sulfate phases do not form
compounds or solid solutions.

Of the mixed sulfate systems

studied in the present investigation (Fe-Zn, Cu-Zn, Ni-Zn,
Fe-Cr, and Cd-Zn), only Zn-Cd exhibited sulfate compound formation,
and no systems showed appreciable solid solution between the sulfate
phases.

More work is required to characterize the ZnSO^-CdSOtt

compound, and to search for other compounds.

Of particular inter

est are studies of transition metal sulfate compounds between
CaSOt* and PbSO^, because the latter two sulfates are insoluble
in dilute mineral acids.
The extent of solid solution of sulfur as sulfate ion in ZnO,
NiO, CuO, and Fe203 was studied with flowing SO2-O2 gas mixtures
over a wide range of temperature.

The log of the sulfur solubility

Wt % S
factor, — 1----, for each system can be expressed as a linear funcPS03
tion of reciprocal temperature.

The maximum sulfur solubility occurs

at the oxide-sulfate phase boundary, and increases as the thermal
stability of the respective sulfate decreases.

The practical maxi

mum sulfur solubility for P_ = 1 atm (pnr. + p_ + p-^ = 1) and
1
bU2
U2
bU3
p_,_

b(J3

as maximum (p_

lated.

U2

= p.,,. ) for each system investigated was calcu0U2

The results show that dead roasted calcines will generally

have less than 0.1% S in solid solution.

Sulfur in excess of that

is most likely present as unroasted sulfide or a sulfate.
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APPENDIX A
THERMAL DECOMPOSITION TEMPERATURE
CALCULATION FOR NiSOi,
(For an inlet gas of 58% SO2 and 42% O2)

NiSOi*

108 K (A.1) ■
SO2 + H O 2
log K

(A. 1)

NiO + S02 + %02
S

lo 8(pso2po2

- - 1-8!,50 + 15.32
(A. 2)

SO3
5046

(A. 2)

- 4.790

J.og(ps03> . ^ - 4 . 8 3 4

(A. 3)

for an inlet gas of 58% SO2 and 42% O2 .

pso2 ' d
p02

’ x

pso3 ‘ p
The following equations can be written:
d+x+t = 0 . 9 6
log t =

T

atm.

(A.5)

4.834
+ 1.5.32

(A.6)

^ r - - A-790

(A. 7)

logCd.x^) = - - ^ 0

logc-nj)
d.x^

-

(A.4)

from equations (A.6) and (A.7)
log(t) = -

+ 10-53

(A.8)

so, (A.5) = (A.8) and

T = 871°C.
^ ' Average barometric pressure at Rolla, MO (elevation 335 m)
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APPENDIX B
DETERMINATION OF BLANK AND "K" FACTOR FOR SULFUR
ANALYSIS BY LECO COMBUSTION METHOD

TABLE I
DATA FOR BLANK DETERMINATION

Sample:

Standard Leco Crucible + Cover Charges
(1 scoop Sn and 1 scoop Fe accelerators)

Conditions:

Oxygen Flow Rate:
Burning Time:

1.1 - 1.2 £,/min

3 . 5 - 5 min

Run

Buret

Number

Reading

1

0.009

2

0.013

3

0.010

4

0.011

5

0.011

0.0108
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TABLE II
DATA FOR "K" FACTOR DETERMINATION
Wt. of
Run

Cast Iron

Buret
*

Number

(0.070 % S)

Reading

K

1

0.4470

0.117

3.394

2

0.4970

0.124

3.376

3

0.4101

0.108

3.386

4

0.4355

0.115

3.418

Wt. of
Run

Bessemer Steel

Buret
*

Number

(0.047 % S)

Reading

K

1

0.4261

0.076

3.255

2

0.4263

0.072

3.054

3

0.4516

0.075

3.024

*

Buret Reading - Blank
K = ---------------------------------% S in Standard (Wt. of Standard)
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APPENDIX C
EXPERIMENTAL RESULTS ON SULFUR
SOLUBILITY IN VARIOUS OXIDES

The weight % of sulfur in the oxide sample was determined
by the following expression

Wt. % S «
(in oxide)

Buret Reading - Blank
K (Wt. of Sample)

where
Blank and K value were determined as described earlier in
the experimental procedure section.

The average values were

0.0108 and 3.255 respectively.
Buret Reading and Wt. of Sample are shown as the fifth
and sixth columns on each table.

60

TABLE I
DATA FOR SULFUR SOLUBILITY IN ZnO

Sample
Number
A-l

A-2

A-3

(SO 2)
v 02'in
10:90

10:90

58:42

(°c)

Reaction
Time
(hrs)

947

24

Reaction
Temp.

947

947

24

48

Wt. of Sample
(used for Leco)

Burette
Reading
(from Leco)

Wt. % S
in oxide

Avg.

0.4438
0.4721
0.4350

0.042
0.046
0.041

0.0220
0.0230
0.0210

0.0220

0.4140
0.4156
0.4210

0.043
0.044
0.046

0.0240
0.0240
0.0250

0.0240

0.4130
0.4409
0.4182
0.4173

0.103
0.110
0.105
0.103

0.0680
0.0690
0.0690
0.0680

A-4

58:42

991

22

0.4661
0.4775

0.042
0.044

0.0205
0.0213

A-5

58:42

995

21

0.4709
0.4463
0.4073
0.4226

0.042
0.041
0.040
0.041

0.0203
0.0207
0.0220
0.0220

0.0685

0.0210

0.0210
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TABLE I (CONTINUED)

Sample
Number

S02
v 02 in

A-6

58:42

A-7

58:42

Reaction
Temp.
(°C)

1049

1099

Reaction
Time
(hrs)

21

21

Wt. of Sample
(used for Leco)

Burette
Reading
(from Leco)

Wt. % s
in oxide

Avg.

0.4523
0.4294
0.4000

0.025
0.024
0.024

0.0096
0.0094
0.0101

0.0097

0.4118
0.4142
0.4185

0.015
0.016
0.016

0.0031
0.0038
0.0038

0.0035
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TABLE II
DATA FOR SULFUR SOLUBILITY IN NiO

Sample
Number
B-l

(--0.2\
V 02 in
58:42

Reaction
Temp.
(°C)
896

Reaction
Time
(hrs)
40

Wt. of Sample
(used for Leco)

Burette
Reading
(from Leco)

Wt. % S
in oxide

0.4024
0.4015
0.4224

0.089
0.085
0.088

0.0590
0.0560
0.0560

Avg.

0.0570

B-2

58:42

924

20

0.4040
0.4037

0.072
0.074

0.0460
0.0480

B-3

58:42

948

23

0.4020
0.4022
0.4260

0.055
0.057
0.064

0.0337
0.0350
0.0380

0.0355

0.4052
0.4078
0.4191

0.032
0.033
0.035

0.0160
0.0167
0.0177

0.0168

0.4825
0.4998
0.4070

0.024
0.022
0.024

0.0084
0.0068
0.0099

0.0083

0.4107
0.4167
0.4133

0.021
0.022
0.022

0.0076
0.0082
0.0083

0.0080

B-4

B-5

B-6

58:42

58:42

58:42

1000

1040

1046

23

21

22

0.0470
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TABLE III
DATA FOR SULFUR SOLUBILITY IN CuO

Reaction
Temp.
(°C)

Reaction
Time
(hrs)

Burette
Reading
(from Leco)

Sample
Number

V 02 in

C-l

10:90

851

24

0.4346
0.4477

0.030
0.033

0.0135
0.0152

C-2

58:42

901

28

0.4281
0.3899
0.3160
0.3513
0.4274

0.050
0.048
0.045
0.039
0.044

0.0280
0.0290
0.0330
0.0250
0.0250

0.4838
0.4762
0.4268
0.3540

0.033
0.030
0.030
0.027

0.0140
0.0130
0.0140
0.0140

C-3

58:42

947

23

Wt. of Sample
(used for Leco)

Wt. % S
in oxide

Avg.
0.0140

0.0280

0.0140

C-4

58:42

954

20

0.4322
0.4095

0.032
0.029

0.0150
0.0140

0.0145

C-5

58:42

992

20

0.4983
0.4498

0.022
0.020

0.0070
0.0070

0.0070
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TABLE III (CONTINUED)

Sample
Number

S02
k 02;ln

C-6

58:42

Reaction
Temp.

(°c)
1000

Reaction
Time
(hrs)
23

Wt. of Sample
(used for Leco)

Burette
Reading
(from Leco)

Wt. % s
in oxide

0.4338
0.4635
0.4955
0.4762

0.025
0.021
0.022
0.021

0.0100
0.0070
0.0070
0.0070

Avg.

0.00700

C-7

58:42

1029

21

0.4261
0.4686

0.015
0.017

0.0030
0.0040

0.00350

C-8

58:42

1035

20

0.4545
0.4211

0.016
0.015

0.0035
0.0030

0.00325
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TABLE IV
DATA FOR SULFUR SOLUBILITY IN Fe20 3

Reaction
Temp.
(°C)

Reaction
Time
(hrs)

Wt. of Sample
(used for Leco)

Burette
Reading
(from Leco)

Sample
Number

(S02
^ 02'in

Wt. % S
in oxide

D— 1

58:42

848

41

0.4363
0.3452

0.077
0.064

0.0466
0.0470

0.0470

D-2

58:42

896

41

0.3034
0.3448

0.037
0.040

0.0265
0.0260

0.0260

D-3

58:42

947

22

0.4170

0.026

0.0110

0.0110

D-4

58:42

954

21

0.3981
0.3524

0.025
0.022

0.0109
0.0037

0.0100

D-5

58:42

993

21

0.3964
0.3707

0.018
0.017

0.0056
0.0051

0.0054

D-6

58:42

1040

20

0.4061

0.014

0.0024

0.0024

Avg.

